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SUMMARY

We have investigated the effects of both high gravitational

and electric fields on wet etching with the objective of
inducing anisotropy in otherwise isotropic etch systems and

of removing particulates. Although we achieved anisotropy
when etching silicon in HNA and gallium arsenide in a
phosphorIc/sulphuric/peroxide etch in a high gravitational

field, the results depended on the size and depth of the

features, so we do not believe that this will be useful in

standard semiconductor processing. The use of a large

gravitational field did result in the removal of a substantial

fraction of the particulates which are formed when etching
aluminium/silicon/copper, and this may be technologically useful.
We also found that the use of large gravitational fields was an

effective tool for the identification of diffusion limited etch

systems. The application of a high electric field to a prototype

non-conducting etch system modified the etching and this effect
could merit further investigation.
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Figure 1 Centrifugal Etch Test Mask

Figure 2 Sample in Holder and Bottle

Figure 3 Photograph of Sample Holders and Bottles

Figure 4 Orientations of Sample Relative to Gravity

Figures 5-11 Optical Micrographs of Samples of Silicon Etched with the
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SYMBOLS USED

F Flux

D Diffusion coefficient

n Number of a species per unit volume

g Acce iration due to gravity

1jg Gravitational mobility of species

m* Difference in mass between species and the medium it

displaces

k Boltzman constant

T Absolute temperature

nViscosity

X Minimum dimension of cell

Ar Difference in density of liquid on surface of substrate and

in bulk of etch

Ra Rayleigh number

a Radius of particle considered

y Surface tension

Co Permittivity of free space

Cs  Dielectric constant of sphere

Cm  Dielectric constant of medium

vo  Energy associated with body

Eo  Unperturbed electric field in medium
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INTRODUCTION

Apart from orientation dependent etches which depend on the anisotropic

etching of a monocrystalline substrate, wet etching Is generally considered

to be an Isotropic process. It follows that the width of etched features

must be large compared with their depth. Increasingly, as devices become

smaller, this Is not what is required, and considerable anisotropy Is needed

In etching, leading to a move towards plasma etching techniques [1).

However, the equipment necessary for plasma etching is expensive (about

£300,000 per etcher), and approaches which could allow satisfactory perforn-

ance using much deeper wet etching techniques are therefore worth exploring.

It has been claimed that etching under a high gravitational field has

resulted In anisotropy, in one case producing a ratio of vertical to

horizontal etch rates of 10:1, and furthermore It can produce a smoother

surface than is normally obtained [2]). Another possible benefit Is the

removal of particulates which are a problem In some etching systems. We

have studied the effects of the application of such a field to a number of

common etch systems in order to evaluate Its potential use in silicon

processing and to gain an Insight Into the mechanisms of the chemical

reactions Involved.

We have also Investigated the possibility of using strong electric

fields to achieve anisotropy In wet chemical etching, both from a the~oret-

ical standpoint and experimentally, using the development of P MA resist In

an organic developer as a prototype system.

ETCHING IN A STRONG GRAVITAT1ONAL FIELD

1 Theoretical Results

The theory of etching In a strong gravitational field Is given In detail In

Appendix 1. A synopsis of the results Is presented below.

In diffusion limited etch systems the rate limiting step In etching is

transport of reactants and products to and from the surface. This may be

modified by applying a high gravitational field during etching. The

gravitational field attainsble In an ordinary centrifuge (g Z-0 mO r/82)

Is smaller by several orders of magnitude than that required to modify the

diffusion of reacting chemicals to a significant degree (g 1011 m/s2 ).



However. It Is Possible to set up convective cells which become the dominant

transport mechanism within the etch. Dimensional analysis with typical etch

systems and g v 10 rn/S2 shows that one might expect to set up convec-

tion cells with dimensions down to 10 mam. The exact relationship between

the cell size and the dimensions of the festures being etched, If the cells

are to be Important, Is not clear, but It seems likely that they will be

comparable. It Is expected that, in a diffusion limited etch system,

convective etching will be associated with an etch rate markedly different

from the static etch rate. This could lead to anisotropy in an otherwise

Isotropic etch If fresh reactants are sucked into the middle of the cell and

expelled at the sides. Distinctive cellular flow patterns may be etched on

the surface of the substrate.

A further possible benefit 2oncerns removal of particles from the

surface. High gravitational fields offer a means of applying a strong force

to particles whose density differs from that of their surroundings. Even

so, direct removal of a particulate from the substrate during etching is

hindered by surface tension. However It should be comparatively easy to

remove the particle by dragging It across the surface of the wafer, If the

wafer being etched is at an angle to the gravitational field.

2 Experiments

We Investigated nominally Isotropic etch systems with reactions likely

to be diffusion limited; these typically had low activation energies

(-S1 40 kJ/mol , [31).

The substrates were protected by an etch resistant layer except where a

pattern of holes had been opened In It by photolithography and etching. The

pattern was defined by the test mask (Figure 1) which comprised a series of

circular holes 50-1000 Pim In diameter and lines and spaces j,raduating

between 0.5 prn and 400 pim In width.

The samples were diced Into squares of side 15 mm, mounted In PTFE

holders (Fig 2,3) and etched In a centrifuge. The holders allowed four

different orientations of the face of the sample relative to gravity; this

In shown In Fig 4. Samples were centrifugally etched In pairs, each die at

a different orientation to gravity. Static controls were also etched.
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Care was taken In allowing for temperature variations during the etch.

We standardised loading and unloading procedures In order to maximise the

reliability of comparisons between samples (see Appendix 2).

The maximum speed at which we ran the centrifuge was 3000 rpm corres-

ponding to a maximum value of g - 1.9 x 104 m/s2. Optical and scanning

electron microscopes were used to examine etched surfaces. Alpha stepping

and scanning electron microscopy (SEMI) of scribed cross sections were used

to determine etch depths and the extent of undercut.

The substrates in the etch systems studied were silicon, gallium

arsenide, silicon dioxide and aluminium silicon copper. Full details of the

etch systems are given In Table 1.

3 Experimental Results

I Diffusion Limited Systems/

The data presented in Table 1 show a marked Increase In etch rate

under strong gravitational fields for the etches used on silicon and

gallium arsenide. There were significant differences In etch rate for

different orientations of the substrate etched under otherwise similar

conditions, and etched flow patterns appeared on the surface of the

substrate. Strong gravitational fields appeared to have no effect on

the etching of silicon dioxide and aluminiumi silicon copper. We there-

fore conclude that the etches we used on silicon and gallium arsenide

form diffusion limited systems a04 those on silicon dioxide and

aluminium silicon copper do not. In the case of the etching of silicon

dioxide, the low activation energy (of the order of 30 kJ/mole)

evidently does not necessarily mean that the reaction Is diffusion

limited.

If The Silicon/HNA Etch System

Flow Patterns

We observed flow patterns on the surfaces of samples which had

been centrifugally etched. Some flow patterns (for example obvious
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'whirlpools' In the ends of the 200 PJm and 400 jM lines) were seen on

the face up and face up angled orientations but In general the etched

surfaces were very smooth, smoother than samples statically etched

(Figures 5,6). This we attribute to the prompt removal of gas bubbles

during the centrifugal etch.

General pitting of the etched surface due to the establishment of

stable Binard cells was seen In the face down orientation (Figure 7).

We also observed this pitting In the face down angled orientation for

gallium arsenide (this orientation was not etched for the HNA/silicon

system). With the RNA/silicon system, the general appearance of the

etched pattern associated with the cell, which we believe reflects the

cell structure, was either a raised central ares surrounded by a

concentric raised ring of about five times the diameter for the larger

cells (- 20 pjm - .2001jmin total diameter), or just a raised central

area with the smaller cells (- 5 p~m to - 20 pim In diameter).

The average size of the cell decreased when the depth of the/

etched feature was Increased from about 60 pim (Figure 7) to about

140 gm (Figure 8). However the smallest diameter observed remained

about the same at - 5 mm (Table 2, Figures 9,10). The smallest cells

were observed In the smallest features. This suggests that the value

of '1' obtained In the dimensional analysis (Appendix 1) gives a lower

limit to the size of the cell, and Its actual size Is determined by the

local geometry.

The size of the smallest cell Increased by a factor of about 5

when the value of g was decreased by a factor of 25 (Table 2, Figures

10,11). Assuming that '1' Is related to the diameter of the cell, this

shows that It Is difficult to decrease '1' appreciably by Increasing

a result Indicated by the dimensional analysis given In Appendix

We believe It reasonable to assume that the features we measured

were due to a system of calls which were present for thQ majority of

the etch time. The 'diameter' of the structure was either measured, In

the case of large structures, as the diameter of the outer ring, or In

the case of small structures, as the distance between one central
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feature and the next. The choice of a 'minimum' cell diameter Involved

picking two cell structures close together and was somewhat subjective.

All the measurements in Table 2 were made from figures 7-11.

The Effect of Varying Feature Size within the Sample

From Table 3 It can be seen that for all the orientations and

depth etched the 1000 pim diameter hole tended to slope appreciably at

the bottom and In general was slightly shallower than the 400 pm

diameter hole. The 400 pm, 200 pm and 100 pm holes measured were of

roughly the same depth and did not slope appreciably at the bottom. In

general they were flatter than the static controls. It was difficult

to measure features smaller than 100 mm across with the etch depth we

were obliged to use.

For an etch depth of about 80 pm, all the 400 pm lines on the~ face

up angled orientation were fairly uniformly etched to the same depth as

the 400 pm hole (there was about a 10% difference between the maximum

and minimum measurements of depth), so the circulation patterns set up

in the lines at right angles to and along the direction of Inclination

of the sample were aimilar. We observed an appreciable amount of slope

along the bottom of the 400 pm lines of a sample etched under similar

conditions In the face down orientation, with a difference between the

maximum and minimum measurements of depth of at least 40%.

The Effect of Varying the Orientation of the Sample Face

In principle it Is possible to deter-mine whether the reaction

products are denser or less dense than the reactants. The etch rate of

one orientation of the sample face should be consistently lower for

orientations which trap products than for those which do not, although

the situation Is less clear cut If both gas and heavy products are

formed during the etch. We noted that the sIlicon/HNA etch system

produced bubbles of gas under static conditions.

From a comparison of the depths of the 400 pm holes In those

samples etched under high 'g', It can be seen that there is a signific-

ant difference In the etch rate between pairs of samples etched In
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different orientations. We also observed different types of flow

patterns on different orientations. However, whether one orientation

etches faster or slower than the other seems to depend on the overall

depth of the etched feature. The face up angled orientation was less

deeply etched than the face up orientation at an etch depth of about

20 ijm, and more deeply etched at about 80 mJm, whilst the face up angled

orientation Is more deeply etched than the face down orientation at

about 80 Mim and etched to the same depth at about 140 pim. The complex

dependence of the etch rate on the etch depth Is compatible with there

being both gaseous and liquid products and significant changes in the

flow patterns with depth.

The Effect of Increasing Etch Depth on Etch Rate

Table 4 Indicates that there Is some difficulty In setting up

convective flow whilst the depth of etched features Is less than some

critical value Wd. After this the etch rate Is fairly constant./

Static controls show that the lower value of the first etch rate

cannot be accounted for by an initial oxide coat on the wafer. It also

seems unlikely that the low etch rate for the first sample In the table

could only be due to a combination of lower temperature and a propor-

tionally longer time at low fields at the beginning and end of the

experiment.

The dimension 'd' Is of the order of 10 Mim (le similar to the 'I'

discussed above) In the above system. It Is difficult to Investigate

smaller values of etch depth In this system as the etch time under

Indeterminate 'g' at the beginning and end of the experiment then

becomes comparable to that under known 'g' due to the time taken In

running up and slowing down the centrifuge.

Observation of Anisotropy

We observed a maximum ratio of vertical to horizontal etch rates

of 1.5 + 0.1 (Figure 12). This was observed on the 200 Mim lines on the

face up angled orientation with an etch depth of about 80 jim. The face

up orientation etched for the same time gave a value for the same ratio
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of 1.4 + 0.1 (Figure 13) whilst the face down orientation etched for

the same time showed no significant anisotropy (Figure 13b). These

ratios were slightly decreased with samples etched to a depth of about

-140 jim.

Gallium Arsenide

Gallium arsenide with a silicon dioxide masking layer was etched

In 5:5:2 concentrated phosphoric acid: concentrated sulphuric acid: 30%

hydrogen peroxide. All orientations were etched. Control of the

temperature was difficult because of the tendency of the hydrogen

peroxide to decompose exothermically when the etch was poured, but

useful results were obtained; they are summarised in Table 5.

Strong cell patterns were established in all samples apart from

the face up ones (Fig 14) and the etch rate was substantially higher

than In the static case. The bottom of the etched features was gener-

ally uneven (but least so for the face up sample), with Increased/

etching often occurring at the sides of the features (Fig 15a). In the

case of the angled face up sample, features etched more rapidly on the

.uphill" side (Fig 15b). Thus it may be concluded that there was a

substantial enhancement In the etch rate due to Bfnard cells, but the

uniformity of the effect was pcor.

Ili Evidence of Particulate Removal from Aluminium Silicon Copper

Aluminium silicon copper, which had been deposited by bias

sputtering at Plessey Caswell, was etched using the phosphoric acid

based etch described In Table 1, with no surfactant. Over a period of

12 minutes a depth of 0.7 pim was etched at a temperature of 22-23*C and

for those etched In a centrifuge, g - 1.1 x 10 rn1s2. No evidence

of convective etching was found.

The face up, face down and statically etched samples showed many

sub-micron sized particles upon their etched surfaces (Fig 16).

However photos of samples etched In a face up or face down angled

position showed far fewer free particles. Particles tended to collect

In the "down field" side of features, and In the case of the face up
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orientation, In pits In the surface (Fig 17). Thus there Is strong

evidence for migration of particles across the surface under the

gravitational field.

IV Summary of Results

We were able to distinguish between diffusion limited and non-

diffusion limited etching systems.

Etching associated with convective cells was seen under conditions

of high gravitational fields In the silicon/HNA system with an enhance-

ment in etch rate over the static case by a factor of about threes and

with a cell diameter as small as 5 pm. For holes much greater In

diameter than the smallest cell size, the depth of the hole was not

strongly dependent on Its diameter and the bottoms of the holes, except

for the face down orientation, were more level than those statically

etched. However, the cells were not in general associated with a high

degree of anisotropy, and our experiments indicated that it was both

difficult to establish the cells In features shallower than the cell

dimension and to decrease this dimension appreciably in a normal

cent ri fuge.

There was evidence for the removal of particulates from aluminium!

silicon/copper etched under conditions of high gravitational field.

4 Discussion

The ability to distinguish between diffusion limited and non diffusion

limited etch systems by the technique of etching under a high gravitational

field Is of scientific Interest.

Our observations of the effects of etching associated with convective

cells In the silicon/HNA system lead us to conclude that the technique of

etching under high gravity will not be of use in general silicon processing.

This is because the convective cells thus set up are not In general assoc-

lated with a high degree of anisotropy, both theory and experiment suggest

that It will be difficult to reduce the cell dimension to less than a

micron, and It Is probably difficult to establish them In features whose
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depth Is much less than this cell dimension. Since the etching depends on a

complex flow pattern, the etching Is liable to be non-uniform and difficult

to predict in advance. However, the technique may be of use In specialised

applications such Ps the production of very smooth surfaces and the deep

etching of simple and fairly coarse features such as vias through wafers

We have demonstrated a promising approach to the removal of part ic-

ulates from aluminium silicon copper during wet etching.

ETCHING IS A STRONG ELECTRIC FIELD

1 Theoretical Results

We have already Investigated the effects of the application of a high

gravitational field during wet etching. However electrical forces In pract-

iceble systems are generally much greater then gravitational forces. For

example, whereas the gravitational force on a molecule of mass 4 x 10-26 kg

in a gravitational field of 104 m/s2 is 4 x 10-22 N, the force on a

charge of 'e' in an electric field of 106 V/m Is 2 x 10- 13 N which is

5 x 108 times larger.

There are two possible effects which strong electric fields can have on

the transport of reactants and etch products In the diffusion layer of the

etch. The first Is that variations in the dielectric constant between

reacted and unreacted etch will lead to directional diffusion of molecules

Into and out of regions of high electric field, and also to the setting up

of convection cells. This effect is however no stronger than the effect of

strong gravitational fields (Appendix 3). A second effect Is that If the

reactants or solvated species carry a net charge of even a fraction of an

electronic charge, the electric field will pull them towards or away from

the Interface. This effect can be very strong.

The use of electric fields to assist etching Is however only applicable

to the etching of non-conducting materials using non conducting etches.

Ionic etches will both screen the electric field close to the Interface so

that the electric field will not penetrate Into the etch, and will also

electrolyse If a dc or low frequency field Is used. If the material belag

etched Is conducting, the electric field will be normal to the surface on a



microscopic scale, and the effect due to the electric field will be iso-

tropic. This leaves the etching of dielectrics and resists using organic

etches. As a prototype system we Investigated the effect of a strong dc

electric field on the development of PO4A resists In a non-conducting

organic developer, both to see what effect was produced and to determine

whether It might assist In the development of very small (- 1 p'm) resist

features.

2 Experiment

W~e performed a quick experiment to see whether any large improvement

was obtained In the development of resist features about a micron across

under an electric field.

A layer of PMMA about 1 micron thick vIas deposited on one side of a

number of 2" silicon slices and exposed to an E-beam. The test patterns

used were the RSRE resolution test pattern and a series of thin parallel

lines. Two wires were then glued with silver loaded epoxy to the back of

each slice and developed under an electric field as shown In Figure 19. The

electrode was a chrome gold plated silicon wafer. The resist slice was held

f ace down by a weight upon microscope cover slips which acted as spacers

between It and the electrode. A dc bias of about 250 V was applied between

the electrode and the resist coated wafer, and was measured with a voltmeter

In a four terminal arrangement. The developer used was a mixture of equal

parts of isobutyl methyl ketone (IBOC) with Isopropyl alcohol (IPA) and

conducted only slightly.

The distance between the electrode and the resist slice was 0.4 mm so

250 V gave an average electric field of 6.25 x 10 V/m. The actual values

of the electric field In the resist and developer were not known, but since

the resistivity of the resist may have differed significantly from that of

the developer, It was unlikely that the electric field was the same In both

the developer and the resist.

Each slice was developed for 70 s, most of this time with the field on.

It was then rinsed with agitation for 20 a each In two beakers of clean IPA.

Controls were also developed In exactly the same way but with no field

applied. The temperature at which they were developed was about 20*C.
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3 Results

We developed one sample (A) with the positive plate as the electrode

and one sample (B) with the positive plate as the resist slice. For both

these the temperature was 18*C. We also developed a control with no field

applied.

On comparison of the 5 jzmv 2 pam and 1 p'm lines we found that sample (A)

was significantly better developed than sample (B), and had developed

slightly better than the control (figures 19-21). Also with the small

chequerboard patterns exposed at this frequency, It seemed that (A) was

better developed than (B) (figures 22-23).

On examining the gold counterelectrode after the development of samples

(A) and (B) the resist pattern was seen on Its surface. This disappeared

with rinsing and agitation with fresh developer.

In view of lack of time, we were not able to repeat the experiment to

our satisfaction.

4 Discussion

These preliminary results Indicate that the development of resist is

Indeed affected by an electric field. The results are, however, fairly

tenuous and their reproducibility Is uncertain. It does however appear that

the use of large electric fields to modify etching merits further investiga-

tion. This might best be done with a simpler prototype system, eg looking

at the dissolution of a polymer which is protected by a patterned masking

layer Into a one component solvent. This would eliminate uncertainties

associated with the electron beam exposure and possible segregation of

components of the etch under the electric field.

CONCLUSIONS

We have demonstrated centrifugal etching under high 'g' with silicon as

substrate and conclude that It may be of use In the Investigation of
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reaction mechanisms and the deep etching of large features but not in

everyday silicon processing.

We have also demonstrated a promising approach to the removal of

particulates from aluminium silicon copper during wet etching.

The results of our experiments on the effects of electric fields on

resist development suggest that the field had an effect on the development

of features of the order of 1 pm in width and that the effects of strong

electric fields on etching could merit further Investigation.
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APPENDIX 1

THEORY OF ETCHING IN A STRONG GRAVITATIONAL FIELD

The presence of a large gravitational field can in principle have three

effects on etching. Firstly it provides a potential gradient which might

modify diffusion. Secondly it may set up convection cells which will take

over from diffusion as a mechanism by which material is transported from the

surface into the bulk of the etchant. Finally it may assist in the removal

of gas bubbles and particulates from the surface of the material. These

processes are discussed below.

The flux of material diffusing away from a surface,

dnf - D-+ gn ug

where D is the diffusion coefficient, n is the number of species per unit

volume, g is the value of gravity and P is their gravitational mobility.

Pg is related to D by an Einstein relation:

m*D

where m* is the difference in miss between the species and the medium it

displaces. So,

F - D dz . gnm*) D- n d ln(n) +gm*
dz kT/ n\ - kT

The artificial gravitational field will be of importance if

g > d ln(n)
kT dz

Typically for an inorganic etch, m* - 2 x 10- 26 kg, T - 300K and
dzn(n) 106 E- so this implies g > 2 x 1011 */g2. This is prohibitive,
dz

so norually this mechanism will only be important if m* is made very large.

for example if the materfal being removed is a long chain organic molecule,

and d ln(n)/dz is made very small by using an etch solution which already

contains a high concentration of reaction products. Then if m* - 2 x

10- 23 kg (corresponding to an organic molecule of RMMI c 12,000) and



d ln(n)/dz is 100, a value of g - 2 x 104 m/s2 (attainable in an

ordinary centrifuge) is needed to etch small features anisotropically. This

effect may be useful in the development of resists where large RKM long

chain molecules (for example PMHA, RMN m 30,000-150,000) may dissolve into

almost saturated solutions. However, if an effect of this type were desired

it could probably be achieved much more easily by means of an electric

field.

The second mechanism (that discussed by Kulken and Tijburg (1)) depends

on convective cells becoming the dominant transport mechanism. Provided

that it is assumed that the only important quantities in determining when

the cells become dominant are the diffusion coefficient D, viscosity n,

cell size d and go where g is the effective value of gravity and L is the

difference in density of the liquid on the surface and in the bulk of the

solution, dimensional analysis indicates that the behav our of the system

depends on the value of the dimensionless quantity rD known as the

Rayleigh number (Ra). For most aqueous systems D _ 10- 9 m2/s and

n - 10-3 Nsm- 2 and Ap is typically 10 kg m- 3 , so for 10 pm features

Ra u 100 (regarded as typical of the onset of convection) will occur when

g - 104 m/s2 which should be readily achieved.

One important uncertainty is the relation between feature size and 1.

This cannot be determined from this analysis although one would expect it to

be related to the cell size.

Once established, for systems in which the reaction rate is diffusion

limited, the convection cells may cause an increase in the effective etch

rate in systems etched under high gravity over those statically etched.

This may be accompanied by a reduction in relative undercut, ie anisotropic

etching may be induced. If an increase in etch rate does occur, we would

expect to see different etch rates between similar features etched at

different orientations relative to gravity as a result of the different

circulation patterns established within them. We might also expect to see a

strong dependence of etch rate on feature size. Distinciive cellular

structures due to Binard cell circulation patterns may form in features

etched under a high field pointing away from the face of the substrate.

The third effect may be particle removal. Once a body is detached from

the surface it should fall at a speed determined by its weight and viscous



drag, so once particles are detached a large gravitational field should

greatly speed their departure. This leaves the problem of causing the

particles to become detached In the first place. The chief factor prevent-

Ing this Is surface tension(y), since as the particle leaves the substrate,

extra surface area of liquid will be formed roughly equal to the distance by

which the particle has moved multiplied by the perimeter of the area over

which the particle prevents the liquid from touching the surface of the

substrate. Thus, assuming that the perimeter Is the same as that of the

particle (a pessimistic assumption), a spherical particle of radius 'a' Is

held on to the surface by a force of roughly 2'raY. If gravity points

normally away from the surface, the particle will be pulled sway by a force

of roughly 4/3 a3Apg so It will become detached If g > a.2- Typically

y - 0.1 N/in for aqueous etches, Ap 2L 103 kg/in3 so if g a 104 rn/s
2

particles down to 100 Pm will be removed. Even If a surfactant is used to

decrease surface tension effects, removal Is far short of the micron sized

particles which are, for example, of Importance In the etching of aluminium

silicon copper.

However If the substrate face Is angled to the direction of gravity, a

particle may be dragged across Its surface by a component of Its own weight

and thus removed. The particle Is still pressed against the substrate by

surface tension, so If It slides, frictional forces (equal to the surface

tension force multiplied by the coefficient of friction) must be overcome.

This may be an order of magnitude less than the surface tension force.

Particles may also move by rolling. Apart from the movement across the

sample It Is also possible that In the course of movement that liquid will

penetrate completely under the particle In which case it will no longer be

held on by surface tension forces and will be free to fall away from the

surface.



APPENDIX 2

SOURCES OF ERROR IN CENTRIFUGAL ETCH EXPERIMENTS

Sources of error and uncertainty during the experiment could be divided

Into the two categories below.

(1) Causes of differences In etch rate between pairs of etched samples

I We assumed that both samples experienced virtually Identical

temperature histories.

11 We estimate that the difference in etch time between pairs of

samples to be + 10 s maximum.

(2) Uncertainties In the determination of absolute etch rate

I The exact nature of the temperature history Is uncertain but Its

end points are given.

II Running the centrifuge up and down typically took 3 minutes during

which the samples etched under indeterminate or normal 'g'.

fit We estimate that the uncertainty In the determination of the

exact etch time to be + 20 a maximum.

Two samples centrifugally etched at different times under Identical condi-

tions showed etch depths at the centre of the 400 pm hole which were the

same to within 2% so the reproducibility of the experiment Is quite good.



APPENDIX 3

THE THEORY OF ETCHING IN A STRONG ELECTRIC FIELD

In this appendix we consider exploiting the effects of the application

of an ac electrical field during resist development. Firstly, we consider

the possibility of exploiting the variation in polarisability away from the

interface. The energy associated with a sphere of material of radius a and

dielectric constant Cs in a medium of dielectric constant cm is

V0 - 6c.(-1) E2 a
3
/(2 + Cs/cm) where E0 is the electric field

in the medium. Thus the force on the sphere -

2 dE C dEm

m sm

Depending on the geometry, Eo varies from being Independent of Em to

being inversely proportional to it. In the latter case, /

Force-V dE m _ 2
o dz E2 (+ E :

m s m

The dielectric constant of the medium will depend on the amount of material

dissolved in it so

nV dt
Flux= Ddn + o m dn

Flux d D kV T dnM dz f(Es, t, geometric factors)

nV dEa m
f(ts,Cm) a 1 so the flux Is modified by a factor kT m. If we

0- 10
consider a solvated species diffusing and take E - 106 V/m, a = 3 x 10 m,

Es - 40, cm . 80, n - 1027 2
- 3 , 

dcm/dn - 10
-
27 m

- 3
, the flux is

modified by a factor v2 x 106. Thus an ac electric field should dramat-

ically increase the etch rate but the direction of etching Is still deter-

mined largely by the concentration gradient, so etch rates will be enhanced

but not anisotropy. The current density is also likely to be prohibitively

large in the case of inorganic etches.

The second possibility is that variations in dielectric constant in the

presence of a strong ac electric field will lead to convection. A volume of

material of changed dielectric constant Is likely to develop over areas

vhere etching is occurring, and this liquid will be subject to a force
d (coE 2/2) . Depending on geometry, the electric field may range from

Tz o ta e e m - - e m a



being independent of E to being inversely proportional to it. Making the

latter assumption, force per unit volume m -E
2 

c,/2 (dc/dz) so thp

dimensionless quantity known as the Rayleigh number (Ra) becomes

E2 Cz3
0 0 dc

2nD dz

(by modification of Ra for a gravitational field found by dimensional

analysis).

If E0 106 V/m, E 0 . 8.9 x F12 F/m, n = 10
-3 

N s/m
2
, D =

10
- 9 

m/s and de/dz = 104 (0.01 drop in 1 pm), convective flow driven by

the electric field will dominate for values of Z > 10 im. This is no better

than the effect achieved by using high gravitational fields.

The third effect is particle removal. In the presence of a large

electric field a particle resting on the surface will tend to charge up with

charge of the same sign as that on the surface on which it is resting. If /
the particle has an area a and the etch a dielectric constant c, the charge

per unit area on the body will be EcoEoa and the force ctoE
2
A. If a

spherical particle of radius a is assumed, surface tension 2iTay so the

particle will be detached if ra2LEoE
2 

> 2rya. It therefore follows

that detachment will occur if

a > 2y
CE E2

0 0 -1

If E0 
= 

106 V/m, E = 80 and y 
= 

0.1 N m , a > 0.3 mm so this is not

very effective.

In the light of the above calculations, we decided to investigate the

effects of a dc field only.
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TABLE 3 E DEPTH FOR VARIOUS SAMPLE ORIIETATIONS WITH RNA/SILICON SYSTEM

Orientation of Time of Value of 1eep IA e Din eter of Hole (me)

Sample Face Etch (mi) 'a, (/2) Duri x Etch(* C) 1000 1 00 2 00 1 0

1) Pecs up angled 12 1.6 a e 22-25 1. 65 19 17 20is :oil j

(A) ,,06

2) Face up . I 26 u

l) •- .-6

1) face up angled 32 .6i , 1h9 22 2 86

2) Face poun O.e o Ia' -59 the axiue dh te

-, nmummn 600m m w e l n e wa 76s

1) Face up angled 38 1.6 . 10' .2-'29 91 16117

2)fc du .i. 0 -5 The maimm eph f h

112
1) Pace up angled A0 1.6 . 101 19-24 142 13 (116 10

(D) 10 1 62

2) race down 1.9 .104 02131130 1

1) Pace up angled 60 16 .x10~ 19-28 (2 9 
9

I
0

4

2) Face dawn 13110 n13 1[ 100,11

Por teFace up angled oretai0 the oan 2 umn 19n2 the cic9 cor9p7 d to th4

depth ~ ~ ~~ 11 attepit ftehl eaett h eteo nstn ftecnrfg r



TABLE 4

EFFECT OF INCREASING ETCH DEPTH ON ETCH RATE

The etch depths are measured from the 400 Pm holes on face up angled

orientations

Etch Depth (0m) Etch Time (min) Etch Rate Etch Tempt

(Em/mTn) (°C)

15 + 1 12 + 0.5 1.3 + 0.1 22-25

85 + 2 32 + 0.5 2.7 + 0.1 22-30

141 + 3 59 + 0.5 2.4 + 0.1 22-28

> 185*+ 10 88 + 0.5 > 2.1 22-31 1

* The hole was etched all the way through.

Values measured at the start and end of etching.



TABLE 5

ETCHING OF GaAs

Orientation Control Face Up Face Down Angled Angled

Face Up Face Down

Temperature/°C 21 22 30 30 22

g/ms 2 9.8 1.5 x 104 1.77 x 104 1.5 x 104 1.77 x 10

Etch tlme/mins 13.33 13.0 13.33 13.33 13.0F

Etch depth/pm is:
1.0 mm diameter hole 12.5 19.7-28.7 15-45.5 38.2-58 40.5-44.5
0.2 mm diameter hole 12.5 20.7-23.6 14-39 49-58 45-51
0.4 mm line 12.5 19.3-26.5 57-59 42.7-51 43.4-53
0.1 mm line 12.5 21.4 57.9 42.1-44.4 44.8-47.6



CEN~TR!IFUGAL ETCH TEST D1K2
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FIG 3 SAMPLE IN HOLDER AND BOTTLE



(a) FACE UP (b) FACE DOWN

HOLDER

\ -- - FACE OF
SAMPLE

(c) FACE UP ANGLED (d) FACE DOWN ANGLED

450
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DIRECTION
OF

GRAVITIONAL

FIELD

FIG 4 ORIENTATIONS OF SAMPLE RELATIVE TO GRAVITY



FIGURE 5

Silcon/HNA system
g = 9.8 m/s

2

Etched 60 mains at 300 C

1 mm diameter hole
Etched depth - 40 p m

FIGURE 6

Silcon/HNA system
g= 1.6x 104 m /s2

Face up angled
Etched 32 mns at 22 290 C

1 mm diameter hole
Etched depth 90um

FIGURE 7

Silicon/HNA system
g= 1.9 x 104m/s 2

Face down
Etched 32 mins or 22-290 C
1 mm diameter hole
Etched depth - 60prm



V FIGURE 8

Sihcon/HNA system
,." . g:1.9 x 10

4 m / 2

Face down
I- W ' .Etched 60 mins at 19 28°C

1 mm diameter hole
Etched depth 130pum

FIGURE 9

Silicon/HNA system

g= 1.9 x 10
4 m /s2

Face down-( Etched 32 mins at 22 29°C

50 pm lines
Etch depth 60 pm

S" FIGURE 10

P 'I Silicon/HNA system

g= 9x 10 m /s

S1 ,Face down
4 . Etched 60 mins at 19-280 C

'- 20 pm lines
.4 Depth of etch 130Mm



FIGURE 11

Silicor/HNA system
g 7.6 x 102 m/s2

Face down
Etched 60 mins at 19 28'C
Depth of etch 80 pm



FIGURE 12

Silicon' etched I4NA 32 mine 23 290~C
F we up angled

P g =16 x 1(y4 ms 2

200 min wide line

Laueletch depth - 5 4 pm

Vertical etch depth -87 2,,m

FIGURE 13

Silicon etch in NNA

a81 F ameop 32 moos2329 0 C
g 16x10ym%

2

200 imineo (INS)
Lateral etch denpth =51 4 ,in
Vertical etch depth 69 3 ni

(b) Face down 32 mint 22 29 0 C
g - 1. .x 104 ins 2
200 om lom (INS)
Lateral etch depth = 56 -4 am
Vei'cal etch depth SO0 2 m



Is) Control. 13mins210C 1) Face up angled. 300 C 1.5 x1) ms- 213 mins

1c) Face down 220 C 1 77 x IO4 ms 2 13 mins d) F"cedown angled 30'C 1 77 x 1O4 ms 2 13 mins

FIG 14 OPTICAL MICROGRAPHS OF ETCHED GaAs



(a) Etched for 13.33 mins at 300 C and 1.77 x 104 ms- 2 in face down orientation

(b) Etched for 13.33 mins at 300 C and 1.5 x 104 ms- 2 in angled face up
orientation. The left hand side of the micrograph was "uphill"

W6

FIGURE 15 CROSS SECTION SCANNING ELECTRON MICROGRAPHS OF ETCHED GaAs



(a) Static control g =9.8 ms-2 . Etched 8 mins 19.4 0C. Etched depth =0.5 pm

(b) Angled face up g 1.5 x 104 ms- 2 . Etched 8 mins 19.70C. Etched depth 0.5 pm

v/

(c) Angled face down g =1.77 x 10 ms-2. Etched 8 mins 19.7 0C. Etched depth =0.5 pm

FIGURE 16 PARTICULATE REMOVAL FROM ALUMINIUM: SILICON: COPPER



(a) Face down angled. Etched 8 mins at 19.7 0 C and 1.77 x 104 ms - 2 . "Up field"
side of a 400 pm width line

(b) "Down field" edge of the feature shown in (a)

(c) Face up angled g =1.5 x 104 ms- 2 . Etched 8 mins 19.7uC. Note the concentration
of particles in the pits

let- -

FIGURE 17 EVIDENCE FOR PARTICLE MIGRATION
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FIGURE 19 PMMA RESIST. CONTROL DEVELOPED 70S AT 180 C. 2 ,um WIDE LINE

FIGURE 20 PMMA RESIST. SAMPLE A, GOLD ELECTRODE WAS POSITIVE PLATE,

DEVELOPED 70S AT 180 C. 2 mm WIDE LINE



FIGURE 21 PMMA RESIST. SAMPLE (B). RESIST COATED WAFER
WAS POSITIVE PLATE, DEVELOPED 70S AT 180 C. 20 pm
WIDE LINE

FIGURE 22 PMMA RESIST. SAMPLE A. GOLD ELECTRODE WAS
POSITIVE PLATE, DEVELOPED 70S AT 180 C. 3 pm SIDE
SQUARES



FIGURE 23 PMMA RESIST. SAMPLE B. RESIST WAFER WAS

SQUARES
POSITIVE PLATE, DEVELOPED 70S AT 180C. 3 mim SIDE
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